Phase-contrast microscopy converts the optical phase introduced by transparent, unlabeled specimens into modulation in the intensity image. Modern phase imaging techniques are capable of quantifying phase shift at each point in the field of view, enabling non-destructive applications in materials and life sciences. However, these attractive features come with the lack of molecular information. To fulfill this gap, we developed a bond-selective transient phase (BSTP) microscope using infrared absorption to excite molecular vibration, resulting in an optical phase change detected through a customized phase microscope. By using pulsed pump and probe lasers, we realized BSTP imaging with high spectral fidelity, sub-microsecond temporal resolution, submicron spatial resolution at 50 frames per second, limited only by the camera sensor. Our approach links the missing molecular bond information to the quantitative phase, which paves a new avenue for spectroscopic imaging in biology and materials science. Nevertheless, the energy from IR absorption causes a temperature increase in the specimen, which changes the refractive index via thermo-optic effect, resulting in a change in the optical path length of the specimen. Such change can be measured and quantified by phase imaging approaches, providing the intrinsic molecular spectroscopy of the specimen.
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Ever since Antony Van Leuwenhoek's single lens microscope in the 18 th century [1] , optical bright field microscopy has been relying on absorption as the main contrast mechanism in an intensity image. Thus, samples with little absorption or scattering, such as biological cells, generate weak intensity modulation and low contrast images. Nevertheless, transparent samples change the probing light significantly in terms of optical phase delay. By introducing an additional quadrature phase shift between the incident and scattered light, Frits Zernike was able to convert sample's path length map into intensity contrast, which allowed the investigation of transparent, unlabeled specimens [2] . For his invention of the phase-contrast microscope, Zernike received the 1953
Nobel Prize in Physics [3] . Later, holography was proposed as an approach for recording phase information into the detected intensity via interference between a sample and reference field [4, 5] .
For his invention of the holographic method, Dennis Gabor received the 1971 Nobel Prize in
Physics [6] . Holography has since advanced significantly, when digital cameras and powerful computer processors became readily available [7] . The concept of phase has expanded in the field of imaging, providing the capability of capturing phase images quantitatively. Modern phase imaging can be realized using either holographic [8] [9] [10] [11] [12] [13] [14] [15] or non-holographic approaches [16] [17] [18] [19] , and found broad applications in cellular dynamics and disease diagnosis [20] [21] [22] [23] [24] . Furthermore, recent developments in interferometric microscopy has demonstrated a path length sensitivity down to the sub-nanometer scale [25] , promising a broader range of applications in imaging.
However, in the visible spectrum, the phase of a sample is largely insensitive to the chemical composition. Lacking such specificity makes it difficult to apply phase imaging to understand molecular interactions in a complex system. Towards this goal, integration of phase imaging with fluorescent labeling has been reported [26, 27] . Yet, the fluorescent labels have their fundamental limitations, including photo-bleaching, perturbation of biological structures, and 4 incapability of labeling small molecules. On the contrary, intrinsic molecular bond vibration can be utilized as a label-free contrast for chemical imaging, i.e. vibrational spectroscopy, in which infrared (IR) and Raman spectroscopy are the major modalities. Compared to Raman scattering, IR absorption is a relatively strong effect, observed as the attenuation of light by the sample. An IR spectroscopy database of common chemicals was published [28] as early as 1905. However, because of the long wavelength compared to the visible spectrum, the diffraction limit made IR imaging poor in spatial resolution. Moreover, IR spectroscopy measures the total loss of input beam, which is difficult to extract the intrinsic absorption property from other attenuation effects, such as sample scattering and reflection. These disadvantages limited the adoption of IR imaging.
Nevertheless, the energy from IR absorption causes a temperature increase in the specimen, which changes the refractive index via thermo-optic effect, resulting in a change in the optical path length of the specimen. Such change can be measured and quantified by phase imaging approaches, providing the intrinsic molecular spectroscopy of the specimen.
Base on this idea, we present a bond-selective transient phase (BSTP) microscope that brings chemical information to phase imaging through infrared light perturbation. The temperature increase caused by IR absorption is transient, in which the heat dissipates in as fast as a few microseconds. Therefore, a high-temporal resolution phase imaging system is required. However, most current phase imaging apparatus, with imaging speed of up to a few thousand frames per second [25, 29] , are still insufficient to record such transient phase change. To address this challenge, we developed a wide-field pump-probe imaging platform offering sub-microsecond temporal resolution. Specifically, by utilizing a sub-microsecond burst of laser pulses to probe the transient phase change caused by a nanosecond pulsed mid-infrared pump laser, we achieved widefield BSTP imaging with sub-microsecond temporal resolution.
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The principle of BSTP imaging is illustrated in Fig. 1 . First, using a common-path, offaxis diffraction phase microscopy [12] , we generate the quantitative phase image of the unperturbed sample, which is referred to as the "cold" frame. Next, mid-infrared pulses illuminate the sample, generating absorption which, as a result, induces refractive index changes and a modified quantitative phase image, referred to as the "hot" frame. The phase difference between the hot and cold frames is directly proportional to the IR absorption at the sample, which spectroscopy can be acquired by scanning the IR pump wavelength.
The optical phase shift,  , can be described with regard to the refractive index n and the thickness l of an object in air, as . Thus, the estimated temperature change, T  , can be obtained as
where p C is the specific heat, and  is the mass density. This local temperature rise results in a change in the refractive index,
and a change in thickness,
In Eqs. 2-3,  is the thermo-optic coefficient and  is the linear thermal expansion coefficient.
The measured optical phase change,   , can be obtained by finding the difference between the hot and cold phase frames. For small n  and l  , we obtain
Plugging Eqs. (1)- (3) into Eq. 4, we obtain
In Eq. 5, three factors have distinct meanings: l  is the physical property of the sample, Unlike conventional phase imaging, BSTP imaging requires microsecond-scale temporal resolution to detect the transient phase change. This process is fast because the absorption induced heat dissipates immediately after an IR pulse arrives at the sample. Depending on the sample properties, the thermal decay constant ranges from a few microseconds to hundreds of microseconds. Therefore, microsecond level temporal resolution is required. However, 7 commercially available cameras are not capable of recording a million frames per second at a pixel resolution sufficient for an acceptable interferogram. To address this challenge, instead of the commonly used continuous wave light source, we adopted a pulsed probe laser to construct a timegated scheme, in which all photons to the camera are from the short duration of the probe pulse.
Moreover, high temporal resolution thermal decay can be recorded by adjusting the time delay between the probe pulse and the heating pulse, providing important thermodynamics of the specimen.
Based on this idea, we built a BSTP imaging system capable of detecting a local phase change induced by a transient IR absorption (Fig. 2a) . The temporal resolution of the system is determined by the probe laser pulse width. The probe beam is from an 80-MHz femtosecond pulsed laser and is chopped by an acousto-optic modulator (AOM) to an arbitrary burst duration down to 70 ns. An important feature of femtosecond pulses for diffraction phase microscopy is the much shorter coherence length, which suppresses much of the speckle noise present when using monochromatic light. A transmission grating was positioned at the conjugate plane of the sample to split the probe beam into multiple orders. Of these we block all but two: the first order, which is filtered by a pinhole at the Fourier plane, and the second order, which passes unaltered [30] . The two waves interfere, the first order acting as a reference, and generate a stable interferogram at the camera sensor plane. A pulsed IR laser illuminates the field of view to generate a hot frame. The hot and cold frames are compared to generate a BSTP image. Because our camera integrates over 10 ms exposure times, we send 9 pump-probe pulse pairs for each camera exposure, such that we maximize signal to noise ratio (Fig. 2b) . The chopper modulates the 150 kHz IR pulse train into small bursts, down to single pulses per burst. The shutter closes the IR beam when exposing cold 8 frames. The timing electronics is based on the IR laser repetition rate, in which frequency dividers were set to generate clocks for the chopper, AOM, shutter, and camera (Fig. 2c) .
We measured the temporal profile of the signal from an oil film by scanning the delay of the probe pulse delay. Because the camera only records photons from the probe pulse, the temporal resolution of the system is determined by the probe pulse width. The probe width was set at 900 ns, which is a temporal resolution that, in traditional detection schemes, would only be achievable by a camera acquisition rate of 1. Fig. 3a ; the temporal profile, i.e. phase shift vs. time delay is shown in Fig. 3b . Because of the 900 ns probe pulse width, individual IR pulses were clearly resolved for the six pulses with a 6.6 s  interval. The maximum signal was observed at the end of the IR pulses, followed by a thermal decay with an exponential decay constant 130.8 s
 =
, which was the slowest decay in our observations. Smaller objects would have much shorter decay constant. To allow sufficient cooling time, 1 ms interval was set between IR pulse bursts. In the following experiments, the probe pulse was set immediately after the last IR pulse, where maximum signal was acquired.
To verify that the measured phase change   is proportional to the absorption coefficient ()  , we scanned the IR wavelength to acquire BSTP images and compared the profile to that from Fourier-transform infrared (FTIR) spectroscopy (Fig. 3c) BSTP imaging involves an IR (pump) excitation pulse and a green probe pulse and can be described as a pump-probe process. It is obvious that the signal is proportional to the pump power, as validated by experiments (Fig. 3d) . The signal is, however, independent of the probe power, proving that the probe pulse-sample interaction is linear (Fig. 3e) . This is because the probe beam is not absorbed significantly by the sample. Nevertheless, higher probe power increases the signalto-noise ratio (SNR) by reducing the effect of shot noise in the phase image. Further noise analysis in BSTP revealed the relation between SNR and number of photons N to be 0.39 SNR N  (Fig.   3f) . Ideally, for shot-noise limited signal, the power term would be 0.5, according to the Poisson distribution. This faster saturation of SNR is likely due to mechanical noise surviving in our common path interferometer. The SNR can be further improved by averaging over a larger number of pulses for each recording, while shortening the exposure time by using a faster camera.
Nevertheless, this proof of principle BSTP imaging system is already sensitive to the mrad scale of IR-absorption-induced phase shifts.
To demonstrate the chemical selectivity, we performed BSTP imaging on polyurethane (PU) beads, providing spectroscopic information at each pixel to augment the conventional phase image (Fig. 4) . The beads sample (U7-D50, HOS-Technik GmbH, Austria) has a size distribution with 50% of particles at 7 m  . BSTP imaging showed good contrast when the IR laser was tuned to the absorption peak at 2980 cm -1 (Fig. 4b) , while minimal contrast was observed at an offresonance frequency of 2700 cm -1 (Fig. 4c) . We further scanned the pump laser and generated a 10 phase-based IR spectrum of the sample, compared it to the FTIR absorption profile of the same sample (Fig. 4d) . Note that the FTIR microscope had difficulty acquiring spectrum from single beads due to the IR diffraction limit; it also suffers from sample diffraction artifacts. Therefore, the FTIR spectrum showed an obvious baseline. On the contrary, BSTP imaging provides a baseline-free spectrum, because the signal only rises from the actual IR absorption. As a result, the small characteristic peaks at 2900 cm -1 and 2980 cm -1 were observed in   , but not obvious in FTIR measurements. We also compared the spatial resolution using a small object in the image. BSTP imaging, as a widefield imaging platform, has the speed advantage over 3 orders of magnitude faster than the recently developed mid-infrared photothermal (MIP) microscopy, which utilizes a visible beam to probe the photothermal effect caused by IR absorption in a point-scanning manner [35] [36] [37] [38] [39] . MIP microscopy provides depth-resolution, sub-micrometer lateral resolution, and micro-molar detection sensitivity. MIP has enabled many applications in biology and materials science, including high-resolution chemical imaging of live cell, live organism imaging, cellular metabolites, drug molecules in cells and products, and energy materials [35, [39] [40] [41] . With the much-improved speed of chemical imaging, BSTP imaging will enable a much broader applications in the related fields.
In summary, we demonstrated a BSTP imaging platform that provides the spectral and temporal dynamics of a specimen with high spectral fidelity and sub-microsecond temporal resolution. We reached a high speed of 50 images per second, limited by the camera. Though we demonstrated the proof-of-concept using a diffraction phase microscopy frame, our pump-probe approach can be applied to add chemical information to phase imaging using non-interferometric methods. By unveiling the chemical composition and thermodynamics information in addition to conventional quantitative phase imaging, BSTP imaging promises wide applications in biology and materials science. 
